Attachment of Giardia lamblia trophozoites to enterocytes is essential for colonisation of the small intestine and is considered a prerequisite for giardia induced enterocyte damage. 
Giardia attachment was also diminished by preincubation with mannose 50 mM or mannose-6-phosphate 35 mM (21 (4); 17 (5)0/0) or by preincubating Caco-2 cells with concanavalin A 100 pug/ml (19 (2) [512] [513] [514] [515] [516] [517] [518] which is considered a specific attachment organelle, made up of coiled microtubules containing tubulin, cross bridges, and unique structures called microribbons that are perpendicular to the microtubules and cross bridges. 3 4 Contractile filaments in the rim of the ventral disc may mediate attachment. 5 Another mechanism of attachment suggested is a model in which flagellar motion provides a hydrodynamic force sufficient for attachment via the disc.6 There is also evidence for lectin mediated receptor-ligand binding. 7 8 Previous studies of attachment have used a variety of model systems including synthetic surfaces such as plastic and glass, non-human cells such as isolated rat enterocytes and cultured rat enterocyte cell lines, and human cells. [8] [9] [10] [11] [12] These models differ in their biological appropriateness for attachment studies and the diversity of findings from them is probably a reflection of this and the different experimental protocols and rigor employed. In particular, there is no uniformity of findings regarding the importance of microtubules, contractile filaments, or giardia lectin in the attachment process.
The human colonic adenocarcinoma derived epithelial cell line, Caco-2 undergoes spontaneous differentiation in culture so that it functionally and structurally resembles small bowel enterocytes. 13 Cells develop apical brush border membranes14 15 The structural differentiation of Caco-2 cells was assessed 16 days after passage by scanning electron microscopy. Cells grown on tissue culture-treated, 10 mm round, glass cover slips were double fixed in 3% glutaraldehyde in 0 1 M phosphate buffer at pH 7-4 followed by 1% aqueous osmium tetroxide. They were dehydrated, critically point dried using C02, sputter coated with gold palladium, and examined in a JEOL SEM 5300. Electron micrographs were kindly taken by Dr Alan Phillips, Electron Microscopy Department, Queen Elizabeth Hospital for Sick Children, London.
GIARDIA-CACo-2 CELL CO-INCUBATION
To determine the optimal medium for coincubation, preliminary attachment assays were done (as described below) with four different media: supplemented DMEM, modified TYI-S-33, modified RPMI-1640, and modified HSP3 (MHSP3). The latter two media have been reported to support growth of both giardia and mammalian cells.1223 Co-incubation was in a ratio of giardia:Caco-2 cells of 1:10, at 37°C in 50/o C02, 95% air for one hour. Giardia motility 24 hours after coincubation in these media was assessed qualitatively. Giardia attachment was: 24 (5)% in supplemented DMEM, 27 (4)% in modified TYI-S-33, 13 (3)% in modified RPMI-1640 and 42 (4)% in MHSP3, (n=6 for -each medium). On the basis of these results, MHSP3 was selected for use in experiments, as attachment was maximal (p<0.02), giardia motility was preserved and it provided the best compromise between the metabolic needs of the micro-organism and the mammalian cell.
CO-INCUBATION AND ATTACHMENT ASSAY
Giardia were decanted and the remaining attached trophozoites were re-fed with modified MHSP3 media and chilled on ice until detached. Trophozoites were then centrifuged at 1000Xg for 10 minutes, the supernatant was decanted, and the pellet resuspended in MHSP3 medium warmed to 37°C. An aliquot was counted using a haemocytometer and the volume was adjusted to give the desired concentration of trophozoites per ml. Giardia were then co-incubated with Caco-2 cells using modifications of a method previously described.12 Medium was aspirated from Caco-2 cells and the monolayers gently washed with warmed MHSP3 medium to remove any cells that had not adhered or debris. Giardia were then added and the volume adjusted to 3 ml per well. Plates were incubated at 37°C in 5% CO2 and 95% air. The percentage attachment of giardia to Caco-2 cell monolayers was estimated by determining the ratio of attached: total giardia seeded. At the end of the incubation period unattached trophozoites were recovered by gently rinsing culture plates three times with MHSP3 medium warmed to 37°C. Adherent trophozoites were then recovered by repeated washes with ice cold Ca2+ and Mg2+ free 0.15 M PBS (Dulbecco's formula, Flow Laboratories, UK) over 15-20 minutes until no trophozoites were visible when checked by light microscopy. An aliquot from each of these samples was counted in a haemocytometer and attachment was expressed as the percentage attached of the total number recovered.
The time course of attachment was determined over 24 hours and the effect of varying the number of giardia was studied over a range of giardia:Caco-2 cell ratios from 1:100 to 1:2. The impact of physicochemical factors on attachment was studied by varying the incubation temperature (40, 210, 37°C) and by adjusting the pH of the medium with HCl or NaOH over a pH range of 5.5-9-2. The The time course for the expression of disaccharidase activity is shown in Figure 1 .
Enzyme activity rose sharply from day 9 after passage and reached a plateau after day 14, indicating functional differentiation.'7 The presence of confluent monolayers with microvilli on the apical surface of cells provided evidence of structural differentiation. As has been previously observed,'5 17 the density of the microvilli varied between cells indicating the heterogeneity of the cell population. Some cells showed dense microvilli, others had clusters, while a few cells had sparsely present microvilli (Fig 2) . On the basis of these findings, cells 15-17 days after passage were used for attachment experiments as functional and structural differentiation was evident. At the end of the co-incubation period, Caco-2 cell monolayers remained confluent and appeared intact with normal morphology when examined by light microscopy and scanning electron microscopy. Giardia remained viable after co-incubation as trophozoites were motile and could be successfully subcultured after recovery from culture wells.
PHYSICOCHEMICAL FACTORS IN ATTACHMENT
Using an inoculum of 2.OX 105 trophozoites at 37°C and pH 7.2, giardia attachment to Caco-2 cells increased with time up to 60 minutes, then reached a plateau. The range of attachment over one to eight hours was 40-46 (6)% of the total number added. Attachment was still evident by 24 hours. The time course of attachment is shown in Figure 3 . The total number of organisms recovered was between 75-1 15% of the estimated inoculum added for time periods up to eight hours. After 24 hours co-incubation, giardia numbers had increased to 5.1 x 105 indicating multiplication of trophozoites (generation time= 17 hours). Multiplication was not evident after shorter periods of co-incubation. Attachment was temperature dependent, being maximal at 37°C (43.5 (4)%, reduced by 59% at 21°C (17.8 (3)%) and virtually abolished at 40C (0 3 (0.3)%). Attachment occurred over a range of pH but was maximal at pH 7.2-8.2 (Fig 4) after 60 minutes at pH 7.2 and 37°C increased with increasing numbers of giardia seeded, whereas the percentage attached was similar at all giardia:Caco-2 cell ratios (Fig 5) . The foregoing experiments established the optimal conditions for the attachment assay. Unless otherwise stated, the results following were derived using a parasite:Caco-2 cell ratio of 1:10, over 60 minutes at 37°C, pH 7-2, in 5% CO2 and 95% air.
CYTOSKELETAL INHIBITION AND CHELATION OF DIVALENT CATIONS
Chelation of divalent cations with EDTA 2.5 mM reduced attachment by 32 (4)% compared with controls (p<0 04). Higher concentrations of EDTA (-5 mM) resulted in vacuolation and disruption of the Caco-2 cell monolayer. Co-incubation of giardia in the presence of colchicine or mebendazole resulted in a concentration dependent reduction in attachment compared with controls (Fig 6) . Preincubation of giardia with cytochalasin B also significantly inhibited attachment compared to controls. This did not seem to be concentration dependent as the degree of inhibition of attachment was similar with 1 ,ug/ml and 20 [Lg/ml of cytochalasin B. A second control, using medium containing 1% DMSO (the solvent for the cytochalasin B) had no detrimental effect on attachment (Fig 6) . ventral surfaces applied to the monolayer, trophozoites were also seen with their dorsal surfaces opposed to Caco-2 cells, apparently bound by means other than the ventral sucker disc (Fig 7) . Trophozoites did not seem to show a predilection for Caco-2 cells with more dense microvilli. Caco-2 cells as a model for attachment, reported a biphasic increase of attachment to Caco-2 cells after inhibition of contractile proteins with cytochalasin B, a finding which is at odds with other previous studies and the current work and may be the result of a low number of repeat experiments. This also conflicts with a previous report from the same group using this model, which described reduced attachment to Caco-2 cells after inhibition of contractile proteins by chelation of divalent cations.12 The current study shows the importance of both divalent cation depletion with EDTA and microfilament inhibition with cytochalasin B in reducing attachment of giardia to a human cell line. This is consistent with data from models using plastic surfaces and cell lines that are not human9 11 and supports the role of contractile filaments in attachment.
Lectin mediated attachment was evident in this system, inhibitable by D-mannose, mannose-6-phosphate, and concanavalin A, consistent with a mannosyl target for binding. No enhancement of attachment was seen after exposure to trypsin which suggests that the trypsin activation of giardia lectin described in giardia sonicate25 28 In summary, the giardia-Caco-2 cell coincubation model seems to be a relatively simple and useful vehicle for the study of the attachment of giardia in vitro. A predominant role for mechanical attachment via cytoskeletal mechanisms is suggested by these studies, although lectin associated binding is present and may also have a role in vivo. 
